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Quantum confined silicon nanoparticles (Si-NPs) are a promising material for 
optoelectronic applications.  In this thesis, I studied the band edge optical absorption of free 
standing Si-NPs and Si-NPs in an amorphous silicon matrix, a composite material also known as 
nano-crystalline silicon (nc-Si:H).   In general, it is difficult to directly observe the absorption 
threshold in these materials because of silicon’s low absorption coefficient. For this study, 
absorption was measured using photothermal deflection spectroscopy (PDS). PDS is a highly 
sensitive technique which can directly measure the optical absorption of materials through the 
generated heat.  
 The first part of the thesis focuses on the structural and optical properties of size varied 
free standing Si-NPs.  Si-NPs were plasma synthesized and the size control was achieved by 
using a silicon etchant gas.  Both photoluminescence (PL) and PDS absorption spectra showed a 
blue shift with decreasing Si-NP size.  An important outcome from this study is that a ~300 meV 
difference between the PL peak and absorption edge was observed which indicates that PL is a 
defect related process.  
The second part of the thesis presents the optical absorption of nc-Si:H as a function of 
crystal volume fraction (Xc).  A low energy enhancement in absorption relative to amorphous 
silicon by itself is seen in the material with high Xc. In addition, two different bandgaps, one 
close to amorphous silicon and another close to bulk crystalline silicon, were extracted from this 
material which indicates that the enhancement in absorption is due to optical transitions directly 
involving Si-NPs. Based on the energy of the absorption, softening of the quantum confinement 
when Si-NPs are imbedded in an amorphous silicon matrix is confirmed.   
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Energy is one of the basic necessities for mankind and studies have shown that current 
primary energy sources, fossil fuels, will not be able to meet the future energy demand [1].  In 
addition, there are also environmental concerns on the increasing of CO2 emission due to burning 
of fossil fuels [2], and thus, there is a need to find an alternative energy supply which is clean 
and sustainable. 
Renewable energies may be a solution to providing sustainable and clean energy for the 
future and among the different types of renewable energies available, such as solar, wind, 
geothermal, etc., solar energy is an attractive candidate.  The Earth receives 1.4 x 105 TW power 
from the Sun and about 3.6 x 104 TW is accessible.  In 2012, the world total power usage was 17 
TW and this value is much less than 3.6 x 104 TW [2]. Thus, solar energy is a promising 
candidate for a clean energy source if we can harvest much of this usable energy from the Sun.  
Solar cells are devices that can convert the solar energy into electricity. There are 
different types of inorganic and organic materials available for solar cells, however, silicon has a 
long-standing history and is one of the top choices as an absorber layer for solar cells because it 
is an earth abundant, low cost and non-toxic material.  Two types of commercially available 
solar cells made from silicon are crystalline silicon (c-Si) and amorphous silicon (a-Si) solar 
cells. C-Si solar cells are the most widespread commercially available solar cells and, in single 
crystal and multicrystalline form, they make up about 90% of the market [2]. Currently, c-Si 
solar cells hold the efficiency of 25.6% [3], however, these single junction c-Si solar cells are 
approaching the Shockley-Queisser theoretical efficiency limit which is 29% [4].  In addition, 
the production cost for c-Si is high as it involves an expensive processing technique to make 
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highly pure c-Si wafers.  Thin film solar cells made from a-Si are less expensive to produce than 
c-Si.  A-Si is a non-crystalline allotrope of silicon.  In c-Si, each silicon atom is tetrahedrally 
bonded to four neighboring silicon atoms, and there exists a well-ordered crystal lattice due to 
long range order of this tetrahedral structure.  In a-Si, however, there is no long range ordering of 
the atoms.  The atoms exist as a random network where not all of them are tetrahedrally bonded 
to its immediate neighbors, and have different coordination [5].  This coordination defect is the 
primary defect in a-Si where an atom has too few or too many bonds.  When there are too few 
bonds, it creates unsatisfied bonds, also known as dangling bonds.  When there are too many 
bonds, there is a deviation in the Si-Si bond length and bond angles, and thus this introduces 
strain bonds.  These intrinsic bonding disorder and structural defects create localized states and 
defect states in the band gap. This can cause significant changes in the electronic and transport 
properties of the material.  In addition to the intrinsic defect states, a-Si can also have induced 
defects created by external excitation such as illumination, current, etc. One of the most well-
known effects is the Staebler-Wronski effect where defects are created in the material by light 
illumination [6].  The exact nature of this effect is still not fully understood, however, a common 
explanation is that it is a process where upon light absorption, excess carriers are created and 
some of these carriers recombine non-radiatively.  During this recombination process, it releases 
enough energy to break a weak Si-Si bond, and thereby creating more dangling bonds.  This 
effect poses a limitation for solar cells application since the material will degrade when it is 
exposed to sunlight and reduce the cell efficiency over time.   Hence, there is a need to push for 
low cost materials to make solar cells with better stability and with efficiencies that can 
circumvent the limits of single junction cells.   
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Quantum confined silicon nanoparticles (Si-NPs) have been of great research interest as a 
material for solar cells due to their unique opto-electronic properties [7]–[10].  Si-NPs are 
nanocrystals where dimensions of the crystallite are reduced to less than or equal to twice the 
Bohr’s radius of excitons [11].  In this size regime, the material exhibits quantum confinement 
effect where the bandgap of the material increases as the size of the crystal decreases.  Using this 
energy confinement property, Si-NPs can be engineered to produce different bandgap material 
which can be stacked to form all silicon multijunction solar cells [7].  Two of the main power 
loss mechanisms in single junction are that the cell cannot absorb the photon energy if it is less 
than the bandgap of the material, and part of the absorbed energy is also lost due to 
thermalization when the cell absorb photons of higher energy than the bandgap.   Multijunction 
solar cells, on the other hand, allow harvesting different wavelengths of the solar spectrum 
through the use of layers of different bandgap material and this can boost the efficiency of the 
cell above the Shockley-Queisser limit.   
Nc-Si:H is another material of interest for solar cell application [12].  It is a composite 
film where silicon nanoparticles are embedded in an amorphous silicon matrix.  As mentioned 
earlier, a-Si suffers from light-induced degradation, however, recent research shows that 
incorporation of nanoparticles in a-Si matrix has led to reduction in optical degradation [13], 
[14].  The reason behind better stability of the material is because the excess carriers created in 
amorphous matrix are transferred to Si-NPs and hence, this reduces the probability of non-
radiative recombination in the amorphous matrix, which is the primary source for Staebler-
Wronski effect.  In addition, it is reported that these carriers can be collected before they 
thermalize[15] and this rapid transfer of carriers can help mitigate the energy loss due to 
thermalization process.  This property can open up the path to realizing hot carrier collection in 
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solar cells; these solar cells are of particular interest for creating cells with efficiencies that can 
surpass the Shockley-Queisser limit as the carriers can be extracted before they can relax to the 
band tail state in a-Si:H matrix[10]. Hence, nc-Si:H is a promising candidate for producing solar 
cells with better stability and higher efficiencies.  
In semiconductors, sub-gap optical absorption measurements are important as in these 
types of materials, absorption arising from defects and impurities is often observed at energies 
below the bandgap and thus, these absorption measurements are important for understanding the 
density and nature of defects at the band edge, and also the optical bandgap (Eg) of the 
material[16], [17].  In this thesis, the band edge absorption of two forms of materials is 
discussed.  The first form of material studied is Si-NPs, and as presented in the earlier 
paragraphs, in order to be able to realize multijunction solar cells, it is important to be able to 
tune the bandgap of the Si-NPs through size control.  In this study, the band edge optical 
absorption of different sized Si-NPs is measured and the bandgap of the material is extracted 
using both the experimental results and the results from the model.  Another section of the thesis 
discusses the optical absorption of nc-Si:H where quantum confined Si-NPs are embedded into 
a-Si:H matrix.  When two forms of materials are put together, it is important to understand how 
the composition and the interfaces (i.e. Si-NPs/a-Si interface) of the material have an effect on 
the opto-electronic properties of the material.  In this work, band edge absorption of nc-Si:H as a 
function of crystal volume fraction is studied.  
The standard method for measuring optical absorption is to use the conventional 
reflection and transmission (R&T) spectroscopy, however, this technique has limitation in 
sensitivity for measuring small absorption near band edge. In addition, silicon, being an indirect 
bandgap material, has low absorption coefficient especially at energies near the gap. Hence, 
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either very thick (many microns) uniform samples are used, or a technique with higher 
sensitivity is required to measure the band edge absorption of silicon.  Photothermal deflection 
spectroscopy (PDS), in general, can measure absorbance of orders of magnitude smaller than 
what a conventional R&T spectroscopy can measure.  It is a technique that was first developed in 
1980 to measure the absorption edge of amorphous silicon [17], [18]. It can directly measure the 
optical absorption by detecting a subtle change in temperature of the surrounding medium which 
is induced by absorbed energy of the sample.  The change in temperature is measured through 
the deflection of a probe beam caused by the change in refractive index of the surrounding 
medium due to temperature gradient.  PDS has been extensively used to study the optical 
absorption of thin film materials and disordered materials.  As described above, the electronic 
structure of disordered materials has band tails states and deep electronic states which require a 
highly sensitive technique to probe absorption involving these states.  Si-NPs and nc-Si:H 
studied in this thesis are thin film technology materials and can also be considered as disordered 
materials.  In Si-NPs, even though it has a crystalline core, these Si-NPs are often coated with a-
Si tissue and there exists surface states which can also give rise to band tail states like those of 
amorphous silicon.  Nc-Si:H is a form of disordered material because it is an inhomogenous 
material and surface states also exist at the Si-NP/a-Si:H interfaces.  Hence PDS technique is 
used extensively in this thesis to probe the sub-gap absorption of these materials and is explained 
in more detail in Chapter 2 and 3.   
This thesis is comprised of five chapters in addition to this introduction chapter.  Chapter 
2 of the thesis presents overview of the experimental setup and techniques used for depositing 
and characterizing Si-NPs and nc-Si:H.  The reactor setup and the growth parameters used to 
synthesize Si-NPs and nc-Si:H are outlined.  The process for determining the thicknesses of the 
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films are also discussed.  In addition, a detail description of the experimental setup for PDS and 
photoluminescence is given.    
Chapter 3 introduces the reader to the important features of a typical optical absorption 
spectrum of disordered material and the physical interpretation of these features is given.   In 
addition, the process for extracting the bandgap and Urbach energy of the material is given by 
using the absorption spectrum of a-Si:H as an example.   A detailed account on the theoretical 
model for determining the bandgap of a polydisperse sample is also discussed.  Finally, the 
artificial enhancement of absorption at the low energy of the spectrum is described.         
Chapter 4 discusses the study on size control of isolated Si-NPs accomplished by treating 
them with sulfur hexafluoride (SF6) gas.  The structural and optical properties of Si-NPs were 
studied. It was found that the size of Si-NPs reduced from ~5nm to less than 3 nm in diameter 
when they were treated with SF6.  Both photoluminescence spectra and the absorption spectra 
shifted to higher energy with decreasing size. The bandgap of the material was extracted using 
both experimental data and an indirect gap absorption model.  An important outcome from this 
study is that a ~300 meV difference in energy between PL and absorption edge was observed and 
this indicates that PL emission is a defect related process.  
Chapter 5 describes the study of the optical absorption of Si-NPs that were incorporated 
into an a-Si:H matrix.  The optical absorption spectra of nc-Si:H films with varying crystal 
volume fraction(Xc) was studied.  Due to the nature of the reactor setup, the density of Si-NPs 
incorporated varied across the sample and this is explained in more detail in Chapter 2. Thus, by 
scanning different regions of the sample the optical absorption spectra of nc-Si:H with different 
Xc can be obtained.  Enhancement in absorption was observed for energies below the bandgap of 
a-Si:H for regions with higher Xc.  In addition, a bandgap close to that of bulk c-Si can be 
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extracted for these regions.  These features were not observed in the region with low density of 
Si-NPs, and thus, it suggests that they are related to an increase in density of Si-NPs.  One 
possible explanation is that this extra absorption is due to defects or surface states of Si-NPs.  
Another explanation is that this absorption arises from optical transitions between the Si-NPs and 
a-Si:H matrix.  To better understand this type of transition, a theoretical gap between the highest 
occupied molecular orbital (HOMO) of Si-NPs to lowest unoccupied molecular orbital (LUMO) 
of a-Si:H was calculated for our sample using the approach outline by Lusk et al.[19]. The result 
from the calculation was compared with the bandgap obtained from linear extrapolation of the 
indirect gap plot.  The bandgap obtained from both the experimental data and theoretical 
calculation were in close range but further analysis is required to better understand the nature of 
this excess absorption.  Finally, Chapter 6 gives a general conclusion of this thesis and the 







 This chapter gives an overview of the experimental setup and techniques that are used to 
synthesize and characterize the materials discussed in this thesis.   
2.1  Synthesis of Silicon Nanoparticles, Amorphous Silicon and Nanocrystalline Silicon  
using Plasma Enhanced Chemical Vapor Deposition  
 
The central goal of this study was to determine the optimal silicon nanoparticles (Si-NPs) 
properties and the distribution of Si-NPs in nanocrystalline silicon (nc-Si:H) thin film for device 
purposes.  The properties of Si-NPs were studied by varying of the size and the composition of 
nc-Si:H was studied by changing the crystal volume fraction (Xc) of the material.  Hence, this 
study involved synthesis of both free standing Si-NPs and Si-NPs in an a-Si:H matrix.  Two 
types of reactors, a nanoparticle reactor and a dual zone reactor, were used to grow different 
forms of materials studied in this thesis; Si-NPs, hydrogenated amorphous silicon (a-Si:H) and 
hydrogenated nanocrystalline silicon (nc-Si:H).  The nanoparticle reactor can be used to 
synthesize only Si-NPs.  The dual zone reactor integrates a nanoparticle reactor and conventional 
plasma enhanced chemical vapor deposition (PECVD) growth zone and can be used to deposit a-
Si:H, Si-NPs and nc-Si:H.    In this project, the nanoparticle reactor was used to grow free 
standing Si-NP thin films even though the dual zone reactor also had the capability to grow 
them. This was mainly to allow for sulfur hexafluoride (SF6) treatment to Si-NPs for size control.  
SF6 can result in a by-product that etches the stainless steel in the dual zone reactor.  The 
techniques for growing Si-NPs and nc-Si:H have been extensively studied in the literature [20]–
[22] and the detailed growth parameters for synthesizing free standing Si-NPs, a-Si:H and nc-
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Si:H are described in the following subsections. Synthesis of the materials was done by Dr. Chito 
Kendrick, Grant Klafehn, Tianyuan Guan and myself.  
2.1.1  Synthesis of Sulfur Hexafluoride Treated Free Standing Silicon Nanoparticle Thin  
Films using Nanoparticle Reactor 
 
Si-NPs were grown by using plasma enhanced chemical vapor deposition (PECVD) 
pioneered by Dr. Uwe Korshagen’s research group at the University of Minnesota[20].  
Schematic figure of the nanoparticle reactor is shown in Figure 2.1(a) and the detail of the setup 
is described by Kendrick et al [21].  A mixture of precursor gases, argon (Ar) and pure silane 
(SiH4), was flowed through the quartz tube, which was surrounded by two radio frequency (RF) 
electrodes.  When RF power was supplied to the electrodes, the potential across these electrodes 
ionized the gas molecules and created plasma, which was confined between the two electrodes 
inside the quartz tube.  The plasma dissociated the precursor gases and Si-NPs started to nucleate 
and coalesce as they were carried downstream with gas flow. The Si-NPs were then collected on 
the mesh or on the glass/quartz substrate which was placed at the exit of the quartz tube.  
Materials collected using this approach were in powder form, however, PDS measurement 
required Si-NPs to be in a compact film since the sample was dipped in carbon tetrachloride 
(CCl4) to increase sensitivity of the measurement.  The material may disperse when the sample is 
submerged in the CCl4 solution if Si-NPs are not compact. This could affect the intensity of 
absorption during the measurement and nanoparticles in the solution may also increase noise in 
the signal.  In order to make a densely packed film, a slit nozzle that is 0.2 × 8 mm2 was 
incorporated at the exit of the quartz tube as shown in Figure 2.1 (a).  The nozzle created a 
pressure differential between the growth zone and the collection chamber.  This caused the Si-
NPs to be accelerated towards the substrate, producing a densely packed film[22], [23].  An 




Figure 2.1 (a) Schematic illustration of nanoparticle reactor with a nozzle slit (b) Si-NP thin film 
 
 The size of Si-NPs can be controlled by the residence time nanoparticles spend in the 
plasma, and the residence time is dependent on two main variables, gas flow and reactor 
pressure[21].  In general, we can reduce the residence time of Si-NPs by increasing the gas flow 
rate or decreasing the pressure inside the reactor.  This will allow us to obtain Si-NPs with 
smaller diameter.  The accessible range of size of Si-NPs using this technique was from 3nm to 
8nm.  However, previous studies showed that these nanoparticles contained a significant 
amorphous silicon component which is unfavorable for device purposes[21].   
One of the experiments studied in this thesis was using a silicon etchant gas called sulfur 
hexafluoride (SF6) gas to control the size of Si-NPs.  Dr. Korshagen’s research group had 
previously used SF6 or carbon tetrafluoride (CF4) to reduce the size of Si-NPs by using 
downstream plasma etching:  Si-NPs were grown in one region and then were carried 
downstream with the gas flow to the region with SF6 plasma for etching[24]–[26].  In our 
experiment, SF6 gas was directly introduced into the growth plasma.   
In this study, 0 sccm to 9 sccm of SF6 gas was incorporated into the quartz tube while 
keeping a constant flow of 100 sccm of Ar and 2.5 sccm of SiH4.  The reactor pressure was held 
constant at 8.7 Torr and the RF power was set at 80 W.  The effect of adding varying amounts of 
SF6 gas into the Si-NPs growth zone was studied.   













2.1.2  Synthesis of Hydrogenated Amorphous Silicon using Dual Zone Reactor  
 
a-Si:H was prepared using the dual zone reactor which was comprised of a capacitively 
coupled plasma (CCP) PECVD reactor and a nanoparticle reactor with separate RF electrodes 
powered to each reactor.  Figure 2.2 shows the schematic figure of the dual zone reactor and the 
reactor setup is described in more detail by Kendrick et al[22].  a-Si:H was grown using only one 
of the chambers which is the CCP PECVD chamber.  This subsection will focus only on the  
growth of a-Si:H.  The synthesis of nc-Si:H using both chambers is discussed in the following 
subsection 2.1.3.  
 
Figure 2.2 Schematic of a-Si:H growth using the dual zone reactor 
	   a-Si:H was deposited by flowing silane gas (SiH4) into the RF powered plasma inside the 
CCP PECVD chamber.  The plasma excited SiH4 gas molecules and caused them to dissociate 
and deposit a-Si:H on the substrate.  It is essential to understand the growth rate of a-Si:H as this 
Nozzle	  slit 
CCP	  PECVD	  	  
chamber 
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  W	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will ultimately determine the ratio of Si-NPs to a-Si:H in nc-Si:H films.  One of the important 
parameters for controlling the growth rate of a-Si:H is the power supplied to the electrodes as it 
controls the dissociation rate of the precursor gas and thus, also the film growth rate [5].  In our 
study, it was found that increasing power increased the growth rate: while keeping all other 
parameters constant, changing the RF power from 1W to 1.5W changes the growth rate from 
0.13 nm/s to 0.18 nm/s.  
Our recipe for depositing a-Si:H was to flow 20 sccm of pure SiH4 into the reactor, and 
1W was supplied to the electrodes.  The pressure of the chamber was 500 mT and the 
temperature of the substrate was held at 200 ̊C during the growth.   
2.1.3    Synthesis of Hydrogenated Nanocrystalline Silicon Thin Films using Dual Zone  
Reactor 
 
The main goal of this study was to be able to determine the optimal composition of nc-
Si:H thin film.  An understanding of how nc-Si:H’s optical properties change as a function of 
growth parameters such as those affecting crystal volume fraction (Xc) is essential to this. The 
result from this study, combined with the knowledge of the Si-NPs properties with varying size 
as described above, will ultimately allow us to predict the likely optical properties of the material 
for device purposes.  
A typical method for depositing conventional nc-Si:H is to use CCP PECVD and flow 
hydrogen diluted silane precursor gas into the plasma [27], [28].  This allows for the synthesis of 
nanocrystals within the a-Si:H matrix, however, the crystallites produced using this technique 
have dimensions greater than 10 nm and thus, these crystallites are not quantum confined.  In 
order to be able to take advantage of the multi-junction solar cell technology, quantum confined 
nano-crystallites are required.  This section describes a new form of nc-Si:H deposited by using 
the dual zone reactor described above.  As mentioned earlier, the dual zone reactor consisted of 
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two reactors: a CCP PECVD and a nanoparticle reactor (Figure 2.3). A-Si:H was grown in the 
CCP PECVD chamber and Si-NPs were synthesized in the nanoparticle reactor and exited into 
the CCP PECVD growth zone where they were incorporated into the a-Si:H growth to produce 
nc-Si:H films.  A nozzle slit of 0.5 × 5 mm2 was included at the exit of the nanoparticle reactor in 
order to partially isolate the a-Si:H and Si-NPs growth zones, and this allows pressure and gas 
flow to be controlled independently in each of the reactors.  Using this setup, the size of Si-NPs 
can be controlled by changing the nozzle slit size or changing the flow of the Si-NP precursor 
gas. Therefore, this allowed quantum confined Si-NPs to be directly injected into the a-Si:H 
matrix. 
 
Figure 2.3 Schematic of nc-Si:H growth using the dual zone reactor 
In addition to decoupling pressure and gas flow between the chambers, the nozzle in the 
system also had the effect of producing a densely packed film as described in the earlier section.  
50	  W	  	  
RF	  power 




20	  sccm	  	  
SiH4 
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In this case, a pressure differential was created between the CCP PECVD chamber and the 
nanoparticle reactor chamber.  A compact film is an important requirement for absorption 
measurements using PDS when Si-NPs are under study, or when they are incorporated into the a-
Si:H matrix for nc-Si:H films.   
As mentioned above, the CCP PECVD chamber and the nanoparticle reactor had their 
own separate electrodes and were partially isolated from each other and thus, the growth of a-
Si:H and Si-NPs could be coupled or decoupled.  This allowed us to grow pure a-Si:H samples, 
or free standing Si-NPs films or codeposited nc-Si:H thin films where a-Si:H and Si-NPs were 
grown simultaneously.  In this thesis, Si-NP films were grown in the nanoparticle reactor and a-
Si:H and codeposited nc-Si:H films were prepared in the dual zone reactor.	  	  
To study how the material’s optical properties change with different crystal volume 
fraction (Xc), varying amounts of Si-NPs were injected into the a-Si:H.   Using this reactor, 
several parameters can be used to control the amount of Si-NPs incorporated into the nc-Si:H 
film.  Some of these parameters include the power and pressure of the CCP PECVD chamber, 
the power supplied to the Si-NP reactor, gas flow through the Si-NP reactor, and the size of the 
nozzle slit.  In addition, the configuration of the reactor also created variation in Xc across the 
sample.  Schematic figures of an ideal deposition and a realistic deposition of a nc-Si:H thin film 
are shown in Figure 2.4.  In an ideal deposition, a-Si:H and Si-NPs would be uniformly 
distributed across the sample as shown in Figure 2.4(a).  However, due to the reactor 
configuration, Si-NPs are more concentrated at the center of the substrate, creating higher 
density of Si-NPs in the middle and lower density of Si-NPs towards the edge as shown in Figure 
2.4(b).  Hence, Xc was also varied across the sample.  Although this structure is not ideal in 
making an industrial device, it is useful for characterization purposes as it allows for more 
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freedom in varying Xc of the sample and also, for studying of how the optical properties change 
with Xc on the same sample.  In this thesis, I will focus on how the absorption of nc-Si:H films 
changes with varying Xc across the sample using the growth conditions described in the 
following paragraph.  
 
Figure 2.4 (a) Ideal co-deposited nc-Si:H film (b) A more realistic co-deposited nc-Si:H film 
For co-deposited nc-Si:H growth, 70 sccm of 0.45% of SiH4:Ar was flowed into the Si-
NP reactor and 20 sccm of pure SiH4 was flowed into the CCP PECVD reactor.  RF power of 
50W was supplied to the nanoparticle reactor electrodes, and 1W was used for the electrodes 
inside the CCP PECVD chamber.  The pressures of 3.7 Torr and 500 mTorr were maintained 
inside the Si-NP reactor and the CCP PECVD reactor, respectively.  The temperature of the 
substrate was held at 200 ̊C during the growth.   
2.2  Determination of Thickness of the Thin Film 
 
The thicknesses of the films are required to obtain the absorption coefficient of the 
material.  Figure 2.5 shows a schematic figure of the process for obtaining the films’ thicknesses.  
First of all, a majority part of the sample was coated with photoresist to protect the sample.  A 
small region of the sample where the thickness was to be measured was left exposed.  Then the 
sample was put in the reactive ion etching (RIE) chamber and SF6 plasma was used to etch away 
the exposed region of the sample.  This created a step edge in the film as shown in Figure 2.5.   
A substrate, such as glass or quartz, which has a much slower etch rate than nc-Si:H was used as 
an etch top.  After etching, the coating of photoresist was removed with acetone and the sample 
was rinsed with isopropanol.  The height of the step edge was then measured using a TENCOR 
(a)	   (b)	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P-10 surface profilometer to obtain the thickness of the sample which can also be used to 
determine the growth rate of the sample.   
 
Figure 2.5 Processing sequence for thickness measurement 
Using the growth conditions mentioned above, the growth rate of a-Si:H was found to be 
0.13 nm/s.  The growth rate of nc-Si:H varied across the sample as the sample was not unifom.  
It was found that at the center of the sample where there is highest density of Si-NPs, the growth 
rate was 0.28 nm/s and was 0.18 nm/s at the edge where there is the least amount of 
nanocrystals.  Calibrating the growth rate also gives an alternative measure to estimate the 
crystalline fraction by comparing the a-Si:H growth rate to the edge or center growth rates.  
2.3  Photothermal Deflection Spectroscopy 
The absorption spectra presented in thesis were obtained using PDS.  Figure 2.5 shows a 
schematic diagram of the experimental PDS setup.  The excitation source was the white light 
beam from a tungsten halogen lamp which was operated at 48 W and was modulated at 7 Hz 
using a chopper.  Typically, the chopper can be operated at frequencies between 7 Hz to 18 Hz. 
This range of frequency is in the regime where noise from mechanical vibrations are eliminated 
while also giving enough time for absorbed energy to be completely re-emitted to the 
surrounding medium[16].   In this study 7 Hz was chosen because it gave the best signal 
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the lock-in reference.  The modulated beam was then passed through a long pass filter to filter 
out higher order diffraction, and was fed into the monochromator which selected out a particular 
wavelength (or energy) for which the absorption was to be measured. This modulated 
monochromatic beam was then focused on the sample where heating occurs from the absorbed 
energy.  The sample was located in a macro fluorescence cuvette (NSG Precision Cells, Inc., 
Part# M3IR20) that was filled with carbon tetrachloride (CCl4) solution to increase the 
sensitivity of the measurement. CCl4 was chosen because this solvent has a large change in 
refractive index due to a change in temperature. In addition, it does not absorb light in the energy 
range of interest for our measurements and does not react with a-Si:H, Si-NPs or nc-Si thin films.  
One of the assumptions for PDS is that the absorbed energy of the sample at the particular 
excitation energy is completely re-emitted as heat to the surrounding medium; in this case into 
the CCl4 solution.  The reemitted heat then created a temperature gradient in the CCl4 solution 
near the sample surface which caused changes in refractive index of CCl4.  This change in 
refractive index of CCl4 caused the probe beam, a helium-neon (HeNe) laser (Research Electro-
Optics, Model# LAP-036) beam, which was focused parallel to the the sample’s surface, to 
deflect. The amplitude and phase of deflection was then measured by a position sensitive 
photodiode (United Detector Technology SC-4D) and the output of the detector was fed into the 
computer-interfaced lock-in amplifier (EG&G PARC model 5208).  During the measurement, it 
is important to monitor the fluctuations in the intensity of the incoming beam as it is not constant 
over time.  In Figure 2.6, a part of the incoming beam was split off by a beam splitter, and was 
fed into a pyroelectric detector (Molectron P3) which was used as a reference sensor to measure 
the intensity of the incoming beam.  The output from the detector was fed into another lock-in 
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amplifier (EG&G PARC models 5207).  The PDS signal was then normalized by the intensity of 
the reference beam and the absorption coefficient, α, was calculated as discussed next.   
 
 
Figure 2.6 Schematic figure of experimental setup of PDS 
The deflection signal, S, is given by the following relation [17], [29]: 





𝐿   !"   !!
!"
𝑒!"# + 𝑐. 𝑐 (2.1)  






is the relative change of refractive index due to the temperature gradient of the deflecting 
medium, L is the length of interaction between the heated region and the probe beam, !"   !!
!"
 is 
the temperature gradient above the sample surface where 𝑧! is the distance of the probe beam 
above the sample surface.  The exponential term is due to the periodicity of the incoming beam 
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the signal S is dependent only on the term !"   !!
!"
  which is proportional to the film absorption. 
Thus, we can generally assume all of the terms except absorption are independent of the 
excitation wavelength, and the equation for the signal S becomes[16]:  
 𝑆 = 𝐶  𝐴 (2.2)  
where C is a constant comprising of all the constant factors, and A is the film absorption which is 
dependent on the thickness of the film.  
At very high photon energy where the film is completely absorbing, film absorption A is 
given by 𝐴   =   1  −   𝑅! where RF is the reflectance of the front interface. Thus, the signal 
saturates.  For this saturation region S becomes [16] 
 𝑆!"#   =   𝐶  (1  –𝑅!)  (2.3) 
In the region of lower photon energies where the film is not completely absorbing[16],  
  𝑆 = 𝐶 1−   𝑒 !!  ! !  –!! !!!!
!  !  !!!!
 (2.4) 
where 𝑅! is the reflectance from the back interface.  In order to obtain the absolute value of 𝛼, 
PDS raw data S has to be normalized by Ssat using a blackbody reference data.  Ssat normalization 
is required to take into account for the material dependent constant factors and a blackbody 
reference data is needed for the wavelength dependent factors.  The blackbody used in the lab 
was the flat black paint that was sprayed over a quartz substrate. After normalization by Ssat and 
the blackbody reference data, the equation for 𝛼 as a function of photon energy is 
 𝛼(ℎ𝑣)   = − !
!
ln 1−   !
! !!
!!"#!
  (2.5) 
where S’(hv) and 𝑆’!"# are the PDS data divided by the blackbody data in the non-saturation and 




2.4  Photoluminescence Spectroscopy 
Optical properties of the materials were also studied using photoluminescence (PL) 
spectroscopy.  In this technique, the electrons are photoexcited across an energy gap, typically 
the bandgap or mobility gap, and then during the relaxation process, these excited carriers 
recombine and emit luminescence.  PL measures the number of photons as a function of emitted 
wavelength per certain time interval for a fixed excitation intensity, and this can provide 
information on the energy levels that are involved in the emission.  PL can be used to probe the 
bandgap of the material, however, care must be taken when deducing the bandgap from the 
emission spectra as PL cannot detect non-radiative recombination and can be quite sensitive to 
defect structure. Most materials have some kind of intrinsic defect which is unavoidable, and a 
defect relaxation process can be radiative, which will give a different emission energy than the 
bandgap, or non-radiative which can significantly affect decay dynamics and emission 
efficiency. Thus, the bandgap extracted from this technique may not give the true bandgap of the 
material and this is observed in the characterization of the SF6 treated Si-NPs thin films and is 
discussed in detail in Chapter 4.  
Figure 2.7 shows the experimental PL setup used in this study.  The light source was a 
mercury-arc lamp (Newport Apex Arc lamp, Model#66456) with a filter to select the 365nm 
emission line as the excitation wavelength.  The power density was approximately 15 mW/cm2.  
This incoming beam was focused onto the sample using a lens, and the luminescence from the 
sample was fed into a spectrometer (Princeton Instruments/Roper Scientific, Acton SP300i).  A 
400 nm long pass filter was used before the spectrometer to avoid focusing scattered excitation 
light into the system.  The spectrometer dispersed the light into different wavelengths using a 
150 gr/mm diffraction grating which was blazed at 800 nm.  A crystalline silicon charge-coupled 
device (CCD) array (Princeton Instruments/Roper Scientific, Spec-10:100BR LN) was then used 
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to detect these photons.  The CCD was controlled by using WinSpec software (Version 2.5.23.0).  
In order to reduce thermal noise, the CCD array was cooled down to -120 ̊C using liquid 
nitrogen.  
 
Figure 2.7 Schematic figure of experimental setup of PL 
The efficiency of the CCD is not uniform across all the wavelengths.  In addition, 
ambient light leakage into the dark PL room, and weak emission from the glass substrate, sample 
holder, and other parts of the system can affect the spectra especially if the emission from the 
sample is very low.  Thus, in order to obtain the correct PL spectra of the sample, the 
background signal and spectral response has to be taken into account.  Background signal was 
corrected by measuring a blank quartz substrate with the same accumulation time as the sample.  
This background data was then subtracted from the raw data.  In order to account for the spectral 


















over the wavelength range of the measurements it can be considered a fairly flat spectrum.  This 
allowed a correction factor to be determined as a function of wavelength. The spectral correction 
curve was obtained by Dr. Chito Kendrick and this curve was applied to all the PL spectra 
included in this thesis. Thus, the final PL data becomes:  
 𝑃𝐿  𝑆𝑖𝑔𝑛𝑎𝑙!"#$%& = (𝑅𝑎𝑤  𝑆𝑖𝑔𝑛𝑎𝑙 − 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑  𝑆𝑖𝑔𝑛𝑎𝑙) ∗ 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛  𝑓𝑎𝑐𝑡𝑜𝑟     (2.6) 
The PL spectra presented here were obtained by Tianyuan Guan, Grant Klafehn and myself.  
2.5  Raman Spectroscopy  
 Raman spectroscopy was used to study the crystallinity of the free standing Si-NPs, and 
this is discussed in Chapter 4.  In addition, Raman was used for nc-Si:H samples to estimate the 
crystalline volume fraction (Xc) across the sample, and the process for determining Xc is 
discussed below. 
 
Figure 2.8 An example of Raman data for nc-Si:H and the Gaussian curves 
used for fitting to calculate Xc [Image courtesy of Tianyuan Guan] 
 
A typical Raman spectrum of nc-Si:H (black curve) is shown in Figure 2.8.  The 
spectrum is comprised of signals relating to different vibrational modes from different phases of 
the material.  There are four vibrational modes for a-Si:H namely transverse optical (TO), 
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longitudinal optical (LO), longitudinal acoustic (LA) and transverse acoustic (TA) modes.  Even 
though it is uncommon to associate these vibrational modes to an amorphous material, these are 
the typical terms used when characterizing a-Si:H. Among these four modes, for a-Si:H, the most 
dominant mode is the TO which is centered at about 480 cm-1  [30], [31].  Bulk crystalline silicon 
is known to give a peak at about 520 cm-1[30], however, for the crystalline phase of nc-Si:H, the 
peak often appears at a slightly lower wavenumber than 520 cm-1 because the energy of LO 
phonon mode for c-Si at the Brillouin zone center red shifted as the size of Si-NPs decreases[32].  
Hence a peak around 510 - 520 cm-1 is often attributed to the crystalline phase of the material.  In 
addition to the modes relating to crystalline and amorphous phase of the material, there is 
another peak at around 498 – 505 cm-1 which represents the phonon mode from the grain 
boundary of nanocrystals [30].  In order to obtain Xc values, the experimental spectrum was 
fitted to a series of Gaussian peaks each representing these vibrational modes of a-Si:H, 
crystalline phase  and the grain boundary.  An example of the Gaussian fit for a Raman profile is 
shown in Figure 2.8.  The integrated area of three main peaks associated with a-Si:H, crystalline 
phase and grain boundary was then calculated, and Xc of the sample was computed by using a 
similar approach as described by Bustarret et al. [33]:  
 𝑋! =   
!!"#$%&''()*  !  !!.!.
!!"#$%&''()*  !  !!.!.!!!"#$!!"    
  (2.7) 
where  Icrystalline, Ig.b., and IaSiH-TO are the integrated intensities of the main peaks pertaining to 
crystalline, grain boundary and amorphous phase of the material.  It has been reported that the Xc 
value obtained using Raman spectra is underestimated [31], and we found this to be the case.  
However, in this thesis, Raman was used to understand the relative changes in Xc across the 
sample, and this technique was sufficient to determine the trend.  X-Ray Diffraction (XRD) 
should be used where a more accurate measure of Xc is required.   
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Raman spectra presented in this thesis were measured by Tianyuan Guan using a WiTec 
confocal Raman system.  
2.6  X-ray Diffraction 
 X-ray Diffraction (XRD) was another technique that was used to determine the 
crystallinity of free standing Si-NPs and was measured by Tianyuan Guan using a Siemens 
Kristalloflex 810 X-ray diffractometer. A more detailed description of the technique and sample 
preparation for XRD measurements is given in Chapter 4.  
2.7  Transmission Electron Microscopy  
 
Transmission electron microscopy (TEM) images were used to determine the size of the 
Si-NPs and these images were obtained by Dr. Brian Gorman. The details are described in 






INTERPRETATION OF PHOTOTHERMAL DEFLECTION SPECTROSCOPY DATA 
The main purpose of this chapter is to introduce a typical absorption spectrum obtained 
by PDS and to help the reader understand the main features of the absorption spectrum of a 
disordered material and its physical meaning.  In addition, a discussion of additional information 
that can be extracted using the data from an absorption spectrum and some surface effect 
artifacts to consider when interpreting the data is given.     
3.1 Optical Absorption Spectrum of a Disordered Material 
Figure 3.1(a) shows the general features of the optical absorption spectrum of a 
disordered material.  The absorption spectrum is normally broken down into three different 
regions: the low energy/sub-gap/defect absorption (region A), an exponential absorption 
edge/Urbach edge (region B), and high energy absorption (region C)[34]. A schematic of the 
logarithm of the density of states versus energy of a disordered material and the possible optical 
transitions that correspond to these different regions of the absorption of the spectrum are shown 
in figure 3.1(b).  The optical transitions are represented by arrows.  In general, the absorption 
coefficient 𝛼(𝐸) is proportional to convolution of the density of states of both the initial state 
and the final state, and it is expressed as [35],  
 𝛼(𝐸) = 𝐴   𝑃  𝑁! 𝑁!  𝑑𝐸 (3.1) 
where 𝛼 is the energy dependent absorption coefficient, A is the material dependent constant,  E 
is the photon energy, P is the probability of the transition, and Ni and Nf are the initial and final 






Figure 3.1 (a) Optical absorption spectrum and (b) Density of States Vs Energy 
of a disordered material 
 
In the low energy regime (i.e. region A), absorption arises from defects and surface states 
that exist in the material. Thus, the transitions are those involving deep defect states which 
extend into the forbidden region of the bandgap and the possible transitions are represented by 
TA1, and TA2 in Figure 3.1(b).  Comparing the level of absorption in this region can provide 
qualitative information on the relative defect level between materials, however, care must be 
taken when interpreting the data in this regime as there can be some surface effect artifacts in the 
spectra and this is explained in more detail in sub-section 3.4.   
Region B of the absorption spectra is commonly known as the Urbach edge and the 𝛼 
value often extends over several orders of magnitude in this region.  Absorption in this region is 
strongly dependent on the material’s purity and disorder, and the transitions are from the 
localized states to the extended states as marked by TB1 and TB2 in Figure 3.1(b).  The absorption 
spectrum in this region is an exponential rise because as mentioned earlier, absorption is the 
integral of the product of DOS of Ni and Nf.  In this case it is a convolution that involves the 
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band tail states which vary exponentially in density with energy (See Figure 3.1(b)) and thus the 
absorption coefficient in the Urbach edge varies with energy in the same exponential manner 
[36], [37].  The slope of the absorption curve is determined by the width of the band tail states 
which broadens with increasing disorder. Hence a steeper slope represents better quality 
material.  The absorption edge in this region has the form of [16]: 
 𝛼  (ℎ𝑣) =   𝛼!    𝑒
(!!!!
) (3.2)  
where 𝛼! is a constant, h is Planck’s constant, 𝜐 is the frequency and Eu is the width of the 
exponential edge.  Eu is also known as the Urbach energy and it can be calculated by taking the 
reciprocal of the slope of the ln (𝛼) Vs hv curve. Since Eu is related to the slope of the absorption 
curve which is dependent on the DOS of the band tail state, the quality of the material is often 
defined by the value of Eu.   
The high energy absorption regime (Region C) is normally marked by 𝛼 ≥   10!  𝑐𝑚!!, 
however this value can vary depending on the material.  In this regime, the majority of the 
absorption comes from the transitions between the extended states of the conduction and valence 
band and is indicated by TC in Figure 3.1(b).     
3.2  Determination of the Bandgap and the Urbach Energy of Amorphous Silicon 
Figure 3.2 shows the experimental absorption spectra of a disordered material and a well-
ordered system; amorphous silicon and crystalline silicon.  The spectrum for amorphous silicon 
was experimentally obtained by using the PDS setup in the lab, and the crystalline silicon 
spectrum is from the data extracted from the literature[38].  It can be seen that for crystalline 
silicon, the optical absorption edge is marked clearly by the sharp rise in absorption at 1.1 eV, 
which is the optical gap, Eg, of the material.   In amorphous silicon, however, there is no well-
defined feature in the spectra to relate to the absorption edge of the material since it is often 
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camouflaged by the slope of the Urbach tail and low energy defect absorption, which can vary 
greatly depending on the growth conditions[39].  Hence, a Tauc plot is often used to extract the 
bandgap of the amorphous semiconductors[40].  In the Tauc approach, assuming the parabolic 
densities of states for the conduction and valence band, the absorption coefficient of the 
amorphous semiconductor will vary as  α  ∝     !
!!
  (ℎ𝑣 −   𝐸!  )! for photon energy (hv) greater than 
the bandgap of the material (Eg), and thus, the bandgap of the material can be extracted by 
plotting the absorption curve as 𝛼ℎ𝑣  𝑉𝑠. ℎ𝑣 and extrapolating the linear region of the 
curve[40]. The energy at which the extrapolated line intersects with the x-axis gives the bandgap 
of the material.  Figure 3.3(a) shows the Tauc plot for the amorphous silicon spectrum from 
Figure 3.2, and the bandgap extracted is found be ~1.6 eV which is close to the typical bandgap 
value for amorphous silicon.   
 
Figure 3.2 Optical absorption spectra of amorphous silicon and crystalline silicon 
	  
The Urbach energy (Eu) of the material is determined using the slope of the ln (α) Vs hv 
in the energy range from ~1.4 eV to ~1.8 eV (See Figure 3.3 (b)) and is found to be ~60 meV. As 
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mentioned above, Eu is a measure of the quality of the material and the value for a good 
amorphous silicon is around 50 meV[5].  This is a strong indication the quality of our material is 
comparable to good amorphous silicon since the Urbach energy value obtained is close to the 
typical value.  
 
 
Figure 3.3 (a)The bandgap extraction of a-Si:H using Tauc plot (b) The slope  





3.3 Determination of the Bandgap of Si-NPs Taking into Account of Polydispersity in Size 
In a typical homogeneous semiconductor which is not disordered, depending on the 
material under study, the bandgap can be estimated by using either the indirect gap or the direct 
gap plot.  Theoretically, for a direct bandgap semiconductor with parabolic band edges, the 
functional form of the absorption coefficient (α) is 𝛼 ℎ𝜈 = !
!!
(ℎ𝜈 −   𝐸!)!/!.  Hence a plot of  
(𝛼ℎ𝑣)!  𝑉𝑠. ℎ𝑣 gives a straight line and the intercept identifies the bandgap.  For an indirect 












] [35].  In 
this case, the absorption coefficient is often plotted as 𝛼ℎ𝑣  𝑉𝑠. ℎ𝑣 .  While the origin of the 
linear behavior is different from that of the disordered materials described above, in practice, a 
similar linear fit extrapolation approach is used to determine the bandgap of the material.   
However, when the sample is polydisperse, this can affect the extrapolation of the absorption 
curve for either direct or indirect materials because there is rounding of the absorption curve at 
the low energies.  An example of this is shown in Figure 3.4(a) where absorption of bulk c-Si 
taken from literature[38] and experimental Si-NPs are plotted as 𝛼ℎ𝑣  𝑉𝑠. ℎ𝑣.  The data for 
experimental Si-NPs is from the sample that has been treated with 9 sccm of SF6. Bulk c-Si is an 
indirect semiconductor whereas Si-NPs are an inhomogenous semiconductor because the PL 
spectrum of the sample has a width to it, which indicates that the sample is polydisperse (Figure 
3.4 (b)). A comparison of these two absorption curves shows that while bulk c-Si has a distinct 
linear regime that extends for about 0.7 eV beyond the bandgap of the material, the spectrum of 
Si-NPs has curvature at low energy and this makes it hard to determine the correct linear regime. 
It is important that the linear line is fitted in the correct region so that the bandgap extrapolated is 
as close to the average bandgap of the material as possible.  The wrong choice of the linear range 
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can result in underestimating or overestimating the bandgap of the material.  Hence in this 
subsection, I will be discussing the modeling of the optical absorption spectra of a polydisperse 
sample and an approach for determining the linear regime to better estimate the bandgap of the 
material.  







Figure 3.4 (a) Indirect gap plot of c-Si and Si-NPs treated with 9 sccm of SF6 
 (b) PL spectra of Si-NPs treated with 9 sccm of SF6 
 
The PL spectra of our as grown and SF6 treated free standing Si-NPs to be discussed in 
Chapter 4 below show that our sample is polydispersed and thus, in this case, we have modeled 
the optical absorption to better estimate the band gap of the material by taking into account the 
size variation in the sample.  One of the fundamental questions in modeling the absorption 
coefficient of quantum confined Si-NPs is whether to model them as direct or indirect 
semiconductors.   Silicon is indirect, but quantum confinement is expected to break k-selection 
rules and allow direct transitions [41].  For our sample, we fitted the experimental data using 
both direct and indirect absorption coefficient functions and found that indirect gap model 
provided a slightly better fit.  Thus, in the following, I will present the absorption model for Si-
NPs using the indirect gap form. 
  







































The optical absorption coefficient,  𝛼, of the indirect gap material is given by [35] 













where A is the material dependent prefactor, Eg is the bandgap, h is the Planck’s constant, ν is the 
frequency of the radiation, k is Boltzmann’s constant, T is temperature and Ep is the phonon 
energy of silicon.  To account for the inhomogeneous broadening effects due to size distribution, 
the absorption coefficient is convoluted with a Gaussian size distribution function 
 𝐺 =    !






where σ is the standard deviation and Eg_avg is the average bandgap which is the center of the 
Gaussian in absorption.  Thus, in the presence of broadening the absorption becomes 
 𝛼 ℎ  𝑣 =    !
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This expression was used in Chapter 4 below to fit the absorption curve for distributions 
of Si-NPs.  For bulk silicon, among the several k-conserving phonon energies, the 56 meV 
phonon energy is typically used and thus, it was chosen for our calculation.  The 𝜎  value is the 
standard deviation obtained from fitting a Gaussian to the PL spectrum and the value ranges 
from 0.14 to 0.17.  The temperature T is the room temperature, which is 300 K. The optical 
absorption coefficient equation was then fitted to the experimental absorption data using two 
variables, Eg_avg and A.      
Since there are two parameters that can be varied for the fit, a number of different 
combinations of these parameters are possible and this can lead to numerous Eg_avg and A values 
for our material.   To find reasonable Eg_avg and A values, I used the following approach.  First, a 
different range of experimental data was fitted using the analytical equation above and the 
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resulting Eg_avg and A values were recorded.  To give an example of this process, first a specific 
range of experimental data was chosen to fit using the analytical equation, say from 0.8 eV to 2.7 
eV, and the Eg_avg and A values for that range was determined.  Then another data range, say 0.8 
eV to 2.6 eV, was chosen and new Eg_avg and A values for the new range were calculated.  
During this process, a linear data range value was also defined.  A linear data range is the range 
between the Eg_avg and the endpoint of the experimental data range.  For example, suppose we 
were fitting the experimental data from 0.8 eV to 2.7 eV, and if the Eg_avg value obtained was 2.0 
eV, our linear data range would be the end point minus Eg_avg, which would be 2.7 eV – 2.0 eV = 
0.7 eV.  This range was later used to fit a linear line in the indirect gap plot to extract the 
bandgap.   In order to ensure that we were not choosing a very wide linear data range, we used 
the knowledge of the linear range from the c-Si indirect gap plot.  Figure 3.4 (a) shows that the 
linear range, which can be used to extract the bandgap of c-Si, extends only about 0.7 eV beyond 
the bandgap (i.e. from 1.2 eV to 1.9 eV) and this is the range where the parabolic band edge 
assumption is valid.  In order to ensure that the same assumption is valid for our sample, the 
linear data range chosen for our sample was also limited close to that of 0.7 eV range.   
In order to ensure that the A values obtained are reasonable, I used the following 
approach.  As I have mentioned above, A is a material dependent prefactor and since the material 
under study was also silicon, our A value calculated should be close to that of bulk c-Si.  Hence 
each A value obtained for the sample was normalized by that of bulk c-Si to check how much of 
this value deviated from c-Si with respect to the linear data range chosen.  The A value for bulk 
c-Si was calculated by using the slope of the indirect gap plot of c-Si.  This process of fitting and 
calculating the linear data range value, Eg_avg and normalized A value was repeated for multiple 
data range.  Eg_avg vs linear data range and normalized A vs linear data range were then plotted 
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(See Figure 3.5 (a) and (b)).  It was found that for our samples, there is a certain linear data range 
where Eg_avg and normalized A values do not vary much and beyond that they change 
dramatically.  An example of this is shown Figure 3.5 (a) and (b) using the analysis from the free 
standing Si-NPs sample that was treated with 9 sccm of SF6.  This is one of the samples 
discussed in Chapter 4.  In Figure 3.5 (a), it can be seen that within 0.45 to 0.75 linear data range, 
Eg_avg value varies by only ~0.3 eV but it varies dramatically for linear data range outside that 
limit. A similar trend was also seen in the normalized A value vs linear data range plot.  From ~ 
0.45 to 0.75 linear data range limit, normalized A value do not vary much and ranges ~0.6 to ~1 
which means the A value of our sample is close to that of c-Si.  Hence this shows that Eg_avg and 
A values chosen within this limit is a reasonable value.  For this particular sample, using the 
linear data limit from 0.45 to 0.75, the Eg_avg value falls between 1.9 eV to 2.1 eV and this is the 














Figure 3.5 (a) Variation of Eg_avg values with respect to Linear Data Range (b) Normalized A 
(i.e. A of sample normalized by A of c-Si)  vs Linear Data Range for free standing Si-NPs 
treated with 9 sccm SF6 
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Using this linear data range and Eg_avg information, we fitted a linear line to the indirect 
gap plot of this sample and it is shown in Figure 3.6. The Eg_avg value chosen for this plot was 
1.95 eV and it was found that the bandgap obtained from the linear extrapolation falls close to 
this value.  
 
 
Figure 3.6 Indirect gap plot of experimental and model absorption data, and linear fit 
for Si-NPs treated with 9 sccm SF6 
 
3.4  Artificial Enhancement of Surface Absorption in the Sub-gap Absorption Spectra 
for Samples Less Than 1 µm Thick  
One of the characteristics of the absorption spectrum of disordered materials that was 
discussed above is the sub-gap absorption which is a result of optical transitions involving deep 
defects that exist in the middle of the gap. Since absorption is proportional to the number of 
states that are available for the optical transition, a high level of absorption in this regime would 
imply a high density of the defect states. It would be tempting to use the level of this defect 
absorption to compare the quality of material between different samples, however, care must be 
taken when interpreting this low energy absorption as PDS measures absorption from defects 
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that are related to both the surface and the bulk, and there can be an artificial enhancement of the 
surface absorption in the spectra when the sample is very thin (i.e. less than 1µm). As mentioned 
in Chapter 2, the raw PDS data has to be normalized by the thickness of the material in order to 
obtain the absorption coefficient, and when there is an absorption contribution from the surface 
and the bulk and when the total absorption is weak, the signal from PDS (S) can be written 
as[42], 
 𝑆   ∝   𝛼! +   𝛼!  𝑡 (3.6) 
where 𝛼! and 𝛼! are the surface and bulk absorption coefficients and t is the thickness of the 
material. This shows that while the bulk absorption scales linearly with thickness, the surface 
absorption is constant and thus, the thickness normalization works well only if the defects are 
related to the bulk and not the surface. Hence, as the sample gets thinner, this normalization 
process can make the defect absorption of the thin sample to appear virtually higher compared to 
that obtained from the thick one since the surface to volume ratio increases in the thin sample, 
making the surface absorption becomes more pronounced in the absorption spectrum. Therefore, 
in order to obtain the bulk defect density, thick films are required so that the surface absorption 
does not dominate.    
An example of this effect is shown in Figure 3.7(a) and (b) which shows the absorption 
curves of a-Si:H that have similar defect absorption but are of different thicknesses. The sample 
for the black curve is ~1700 nm thick and the sample for the red curve is ~260 nm thick.  Figure 
3.7(a) the total absorption of both of these a-Si:H which have not been normalized by their 
thickness values and it can be clearly seen that the intensity of defect absorption for these two 
samples are similar. Figure 3.7(b) shows the PDS data for the same samples but the data have 
been normalized by the thicknesses.  Here the defect absorption for the thin sample now appears 
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to be much higher than the thick sample.  Hence, care must be taken when using this regime to 
compare the defect absorption of materials.  In general, for materials like a-Si and nc-Si:H, at 
least a 1 µm thick layer of material is required to be able to extract the bulk properties of the 
material.  For this reason, the samples that are used in this thesis for PDS measurement are at 
least 1µm thick. The free standing Si-NPs films presented in Chapter 4 are around 5µm thick and 
the co-deposited nc-Si:H film discussed in Chapter 5 has the thicknesses that range between ~0.9 
- 1.5 µm.    
      
 
Figure 3.7 Absorption spectra of 260 nm and 1700 nm thick a-Si:H (a) before and (b) after 
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Developing silicon nanoparticle (Si-NP) synthesis techniques that allow for 
straightforward control of nanoparticle size and associated optical properties is critical to 
potential applications of these materials. In this study, size control is demonstrated through direct 
introduction of sulfur hexafluoride (SF6) into the dilute silane precursor of plasma synthesized 
Si-NPs.  Size reduction from 5 to less than 3 nm with increasing SF6 is demonstrated. The 
resulting Si-NPs exhibited high crystallinity independent of size. The optical absorption spectra 
of the Si-NPs in the vicinity of the band gap are measured using photothermal deflection 
spectroscopy and modeled to extract band gaps. A systematic blue shift in absorption edge due to 
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quantum confinement in the Si-NPs is observed with increasing flow of SF6. Photoluminescence 
(PL) spectra show a similar blue shift with size.  However, a ~300meV difference in energy 
between emission and absorption for all sizes suggests that PL emission involves a defect related 
process. This shows that, while PL may allow size-induced shifts in the band gap of Si-NPs to be 
monitored, it cannot be relied on to give an accurate value for the band gap as a function of size.  
The optical and electronic properties of quantum confined silicon nanoparticles (Si-NPs) 
have generated considerable scientific and technological interest[7], [8], [43]–[46]. Of particular 
importance is the ability to use particle size to tune the band gap to values well above that of 
bulk silicon, thus allowing for emission and absorption of photons in the visible spectrum[8], 
[43]. In addition, room temperature quantum efficiencies approaching that of direct band gap 
semiconductors have been observed[9], [47]. Together, these properties would enable tunable, 
silicon-based, visible wavelength light emitting diodes[45], [46] and biological sensors[44]. 
Coupled with quantum mechanical phenomena like enhanced multi-exciton generation[48] and 
hot carrier collection[7], [15], high efficiency photovoltaic cells with tunable band gaps may 
become possible[7],[49].  
The quantum confined optoelectronic properties of Si-NPs are directly related to their 
size[50].  A number of synthesis techniques have demonstrated varying degrees of size control.  
For example, one approach involves depositing and annealing alternating layers of silicon 
dioxide (or silicon nitride) and silicon (Si) rich layers of the same insulator.  The quantum 
confined Si-NPs form in the Si rich layers during post deposition annealing with layer thickness 
controlling Si-NP size[7], [50].  Colloidal synthesis has also proven capable of size control[51]–
[53]. Plasma enhanced chemical vapor deposition (PECVD), which is used in this study, allows 
for nucleation and growth of high quality, quantum confined, crystalline Si-NPs via a dilute 
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silane plasma[20]. In this approach, the size of the Si-NPs is determined to a large extent by the 
residence time of Si-NPs in the plasma which is directly related to the gas flow and pressure[21]. 
Like many techniques for controlling size during growth, however, there is a tradeoff between 
the accessible size range and crystalline quality; Raman spectroscopy (Raman) and X-ray 
Diffraction (XRD) spectra reveal an increase in a “hydrogenated amorphous silicon (a-Si:H)-
like” component for smaller particles indicating a reduction in crystallinity[21]. An alternative 
approach to size control during gas phase synthesis involves post-growth etching of Si-NPs 
grown under conditions leading to high crystallinity.  Examples include wet chemical 
etching[54] and downstream plasma etching using sulfur hexafluoride (SF6) or carbon 
tetrafluoride (CF4), common silicon etchants in plasma processing[24]–[26].  In these studies, the 
Si-NPs are grown in one reaction zone and then pass through a second zone where plasma 
etching occurs. 
In this study we demonstrate that size control is possible by introducing SF6 directly into 
the precursor gas for nanoparticle growth. In addition, we present systematic structural properties 
as a function of SF6 flow and demonstrate high crystallinity across a wide size range. One of the 
complicating issues in correlating changes in the band gap of Si-NPs with growth conditions is 
the low absorption coefficient of the Si-NPs.  Even though breaking of k-selection rules is 
predicted to enhance absorption relative to bulk silicon[41], it is often difficult to directly detect 
the absorption threshold, and studies tend to rely on shifts in the energy of the 
photoluminescence (PL) peak. The PL spectrum, however, can also be influenced by the defect 
structure of the Si-NPs. In this study we use photothermal deflection spectroscopy (PDS) as a 
high sensitivity probe of the absorption onset.  We compare the PL spectra to this direct 
measurement of the bandgap as a function of SF6 flow and observe that both shift systematically 
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with size.  An ~320 meV difference in energy between emission and absorption is also observed 
which suggests PL emission is a defect related process[55]. 
Si-NPs are plasma synthesized following the approach of Magolini[20] and as described 
in detail by Kendrick et al.,[21] using  flows of Ar and pure SiH4 of 100 and 2.5 sccm, 
respectively. The SF6 flow is varied from 0 sccm (no SF6 gas added) to 9 sccm. A throttle valve 
in front of the pumping system holds reactor pressure constant at 5.8 Torr as determined by a 
baraton gauge installed up stream of the quartz tube. The radio frequency (RF) power is set at 
80 W. These conditions are selected because they had been demonstrated, in the absence of SF6, 
to produce highly crystalline Si-NPs[21]. When the Si-NPs exit the quartz tube, they are 
collected as a powder on a stainless steel mesh placed in front of the throttle valve. Alternatively, 
a slit nozzle that is 0.2 × 8 mm2 is placed at the exit of the quartz tube. The nozzle creates a high 
pressure difference between the growth tube and collection chamber causing the Si-NPs to be 
accelerated at the substrate to produce a high density specular film[22], [23]. The throttle valve is 
held wide open with the flow rates creating a reactor pressure of 8.7 Torr. Thin films of Si-NPs 
are deposited on a quartz slide by passing the slide through the beam of Si-NPs multiple times to 
build up a coating. The film thicknesses are measured using a TENCOR P-10 surface 
profilometer and are used later to obtain the true absorption coefficients of the material from 
PDS measurements. The films used in this experiment are ~5µm thick. 
Si-NPs are subsequently analyzed using a range of structural, and optical tools, including 
Raman, XRD, transmission electron microscopy (TEM), PDS and PL. Raman is primarily used 
to distinguish between amorphous silicon and nano-sized crystalline silicon. Spectra are recorded 
using a WiTec confocal Raman system with YAG (532 nm) laser excitation in the backscattering 
configuration. The laser power is held well below the crystallization/sintering threshold during 
42 
	  
the measurement. XRD spectra are taken on a Siemens Kristalloflex 810 X-ray diffractometer. 
PL spectra are collected using an Acton 300i spectrometer with a Princeton Instruments Spec-
10:100BR liquid nitrogen cooled silicon CCD detector array.  The excitation source is the 365 
nm line of a mercury lamp. TEM studies use a Philips CM200 transmission electron microscope 
operating at 200 keV. Standard FIB (FEI Company Helios 600i, Hillsboro, OR, USA) in-situ 
liftout specimen preparation techniques are used and final cleaning is completed at 2 kV.	  Optical 
absorption spectra are obtained using PDS following the approach of Jackson et al.[17].	  	  PDS 
detects small changes in sample temperature arising from absorption.  This is done by detecting 
the index of refraction gradient in the region just above the sample, which is induced by the 
heating.  The sample is immersed in carbon tetrachloride (CCl4) solution which has a large 
thermally induced change in index and increases sensitivity.   
To systematically study the effect of including SF6 on Si-NP structural and optical 
properties, two sets of samples are prepared.  The first series is deposited without a nozzle and 
collected as powder as described above. This allowed sufficient material to be collected to obtain 
reasonable signal-to-noise in the XRD measurements. After growth, samples are prepared for 
XRD by dispersing the Si-NPs in isopropyl alcohol and drop casting onto a Si(100) wafer, 
forming a layer about 1 mm thick.  In addition, some of the powder is compacted between two 
sapphire wafers for Raman and PL measurements.  
In Figure 4.1, we present the Raman (a), XRD (b) and PL (c) spectra from samples 
prepared with 0, 1, 2, and 5 sccm SF6 flow during growth. Si-NPs give rise to a sharp TO phonon 
peak with frequency near the bulk crystalline silicon value of 520 cm-1 [56], [57]. They also 
exhibit a broad shoulder extending to lower energy which is attributed to TO modes of 
amorphous silicon (a-Si).[58] The relative intensities of the crystalline and amorphous TO modes 
43 
	  
have frequently been used to estimate the crystalline fraction of the material[31], [33], [59].  The 
four Raman spectra in Figure 4.1 have the same shape with a sharp crystalline silicon peak and 
no obvious change of the crystalline to amorphous peak ratio. This indicates the addition of SF6 
did not significantly change the crystalline quality. In addition, the crystalline Raman peak 
exhibits a red shift from the bulk crystalline value with increased SF6 flow. This red-shift has 
been attributed to confinement of the phonon as Si-NP size decreases[60]. 
 
 
Figure 4.1. (a) Raman, (b) powder XRD and (c) PL of samples with SF6 gas flow rates of 0 sccm 
(black), 1 sccm (green), 2 sccm (blue), and 5 sccm (red). In (a), the vertical solid line is the 
position of the bulk crystalline silicon Raman line and the dashed line is the frequency of the a-
Si:H peak. In (b), the grey line is XRD of a-Si:H.  The broad peak at ~35 degrees which is most 
visible in the black curve arises from the Si substrate. 
 
Well defined (111), (220), and (311) crystalline Si diffraction lines are observed at all SF6 
flow rates in the XRD spectra. The lines are broadened compared to bulk crystal silicon, which is 
consistent with the presence of nanocrystals. Uncertainties in widths are too large, however, to 
extract Si-NP particle sizes from the broadening. Evidence for the presence of an amorphous 
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component can be seen in a broadening of the (111) peak to lower angles and some increase in 
the scattering intensity between the (220) and (311) peaks.  It is important to note that the crystal 
fraction estimated from XRD is much higher than that obtained from Raman.  We routinely find, 
when working with Si-NPs in the quantum confined size range, that Raman overestimates the 
amorphous component compared to other techniques like XRD and TEM. The central conclusion 
we draw from Raman, which is in good agreement with XRD, is that crystalline quality does not 
change with SF6 flow. The PL plot clearly show that emission blue-shifts with increasing SF6. 
The PL shift indicates a decrease in size consistent with the red-shift of the crystalline silicon 
mode in Raman. As noted above, however, PL is also sensitive to defect structure, hence a direct 
measurement of the band edge energy as a function of SF6 is desirable.  
 
 
Figure 4.2 Raman spectra of the samples in the second series with 0 sccm (black) and 5 sccm 
(red) SF6 in the growth precursor gas. The vertical line indicates the peak position 
of bulk crystalline silicon. 
 
A second series of samples is prepared for direct PDS measurements of the energy gap. 
Since the samples are immersed in CCl4 for the PDS measurements, compact films that do not 
disperse in the solvent are required.  To accomplish this, Si-NP films are deposited on quartz 
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slides using a nozzle as described above. SF6 flow rates from 0 to 9 sccm are used.  Figure 4.2, 
shows Raman spectra from samples with 0 sccm  and 5 sccm SF6 flow in the precursor mixture.  
The inclusion of the nozzle results in higher quality Si-NPs. For example, the ratio of c-Si to a-
Si:H Raman peaks is 16% larger than the previous set (see Figure 4.1). Consistent with the first 
set of samples, the general shape of the Raman spectra, and the ratio of c-Si to a-Si are nearly the 
same with and without SF6. 
 
Figure 4.3 TEM images of Si-NPs prepared with (a) 0 sccm SF6 and (b) 9 sccm of SF6. Isolated 
Si-NPs are highlighted by the white circles. 
 
Figure 4.3(a) and (b) show bright field TEM images for the endpoints of the series, 0 
sccm and 9 sccm of SF6. Lattice fringes are clear in both, indicating high crystallinity. In 
addition, the average Si-NP diameter reduces from ~5 nm to less than 3 nm with the addition of 




PL and optical absorption spectra near the band edge for the two endpoints (0 and 9 sccm 
SF6) are shown in Figure 4.4(a). The absorption is plotted as (αhν)1/2 vs hν where α is the 
absorption coefficient, h is the Planck’s constant, and ν is the frequency of the radiation.  For 
indirect semiconductors, linear extrapolation of this function to the energy axis gives the band 
gap.  A fundamental question of considerable interest is whether to model Si-NPs as direct or 
indirect semiconductors. Several studies suggest that Si-NPs still exhibit indirect band gap 
characteristics even in this quantum confined regime [61]–[63].  Studies of porous silicon 
reported k-conserving phonon features and indirect absorption behavior for light emission at 
energies comparable to those studied here [41], [64], [65].	    Ideally, we would use a functional 
form tailored to nanoparticles formed of materials with an indirect gap in bulk.  The need to 
consider both electronic and vibrational degrees of freedom, however, complicates the 
development of such a model and fits are generally made to bulk forms of the absorption.  In this 
study, we used both direct and indirect approaches and found that both approaches lead to similar 
shifts in band gap with SF6 flow, however, we present the results with the indirect gap model 
since it provides a slightly better fit. 
A shift in both PL and absorption to higher energies as a function of increased flow of 
SF6 is observed and attributed to an increase of the optical gap due to quantum confinement as 
size of the Si-NPs is decreased. We note that, while as prepared Si-NPs are hydrogen terminated, 
PDS measurements expose the samples to air resulting in some oxidation.  This blue shifts the 
PL spectrum[24].  For this reason, the PL spectra in Figure 4.4(a) are those recorded once the 
samples have been exposed to air to allow a direct comparison of PL and absorption.  From the 
PL spectra, it is clear that the Si-NPs are polydisperse. This can affect the extrapolation of the 
absorption curve to obtain the band gap. To test this, we modeled the optical absorption taking 
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into account the effect of inhomogeneous broadening by convolving the absorption coefficient 
with a Gaussian size distribution function. Thus, in the presence of broadening, the optical 
absorption coefficient equation of the indirect gap material becomes 
 𝛼 ℎ  𝑣 =    !
!!  !   !  !














!  !! )  𝑑𝐸 (4.1) 
where α is the absorption coefficient, A is the prefactor which is material dependent, h is the 
Planck’s constant, ν is the frequency of the radiation, k is Boltzmann’s constant, T is 
temperature, E is the bandgap,  Ep the phonon energy of silicon, Eg_avg is the average bandgap 
which is the center of a Gaussian distribution in absorption and σ is the standard deviation of the 
distribution. For bulk silicon, there are several k-conserving phonon energies, but they are 
usually replaced by the dominant phonon energy of 56 meV and that is used here. σ is estimated 
by fitting a Gaussian to the corresponding PL spectrum and its value ranges from 0.14 to 
0.18 eV.  The optical absorption coefficient equation is then fitted to the experimental absorption 
data (Figure 4.4(a)) using two free parameters,  Eg_avg, which represents the average bandgap, and 
A.  Fit curves, along with a conventional linear fit and extrapolation of the absorption, are shown 
in Figure 4.4(a). There are still discrepancies in the absorption at low energies between the 
experimental and model data which could have arisen from how we chose the band gap 
broadening function, absorption due to defects, or deviations from the bulk, indirect 
semiconductor absorption behavior. The band gaps extracted from the linear extrapolation 
(Eextrapolated) are systematically lower than the fitted parameter, Eg_avg.  Since the linear 
extrapolation neglects the k-conserving phonon energy, the difference is actually ~50 meV 
larger.  More importantly, Eextrapolated and Eg_avg values are higher in energy than the peak of the 
PL spectrum for all SF6 flows (figure 4(b)).  Comparing the fitted gap to the PL peak shows a 
systematic difference of ~290 - 340 meV, which suggests that while the PL emission is definitely 
48 
	  
affected by quantum confinement, it likely involves some form of defect related emission.  
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Figure 4.4 (a) Experimental absorption curve of bulk crystalline silicon (red dotted line)[38]. 
Measured and modeled absorption curves (black circles and solid black curves), linear fit (solid 
red curves), and PL spectra (blue solid curve) of Si-NPs grown with 0 and 9 sccm of SF6. The 
long wavelength asymmetry of the PL spectrum for 0 sccm of SF6 is caused by the detector 
response. (b) The PL peak position (black squares), extrapolated bandgap Eextrapolated (blue 
triangles), and the center of the Gaussian in absorption Eg_avg (green circles) vs. SF6 flow rate. 
The error bar for PL peak position is one standard deviation of the root mean square error 
between the data and the Gaussian fit. The error bar in Eg_avg represents the range of bandgaps 






Another interesting observation involves the value obtained for the pre-factor, A which 
varied from 0.8 – 1.2 compared to that obtained by fitting the indirect gap plot of bulk crystalline 
silicon using published values from Ref. [38].  Since film thickness was used to calibrate the 
absorption curves, void space in Si-NP films should lead to a reduction in absorption coefficient 
and hence the pre-factor. While many factors such as composite media effects and changes in 
selection rules with size can affect A, finding values close to that of bulk silicon suggests a 
relatively high packing density. 
In conclusion we have presented an in-situ process for changing the size of plasma- 
synthesized Si-NPs by introducing SF6 gas directly into the growth chamber. Size control from 5 
to less than 3 nm is demonstrated with the resulting Si-NPs exhibiting high crystallinity 
independent of size. Using high sensitivity optical absorption measurements, the fundamental 
absorption edge is directly detected and the expected quantum confinement induced shift of band 
gap to higher energy with decreasing size is observed.  The PL energy, while exhibiting a similar 
shift, is ~300 meV lower than the absorption edge, indicating defect related emission.  This 
shows that, while PL may allow size-induced shifts in the band gap of Si-NPs to be monitored, it 
cannot be relied on to give an accurate value for the band gap as a function of size.   
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OPTICAL ABSORPTION OF NANOCRYSTALLINE SILICON 
The previous section discussed the absorption of free standing quantum confined silicon 
nanoparticles.  Chapter 3 summarized the absorption properties of disordered materials and 
amorphous silicon. In this section, the band edge absorption of quantum confined silicon 
nanoparticles in an amorphous silicon matrix (i.e. nc-Si:H) is studied.  Chapter 2 discussed the 
growth process for nc-Si:H.  In particular it mentioned that when a nozzle is integrated into the 
Si-NP reactor, the amount of nanoparticles incorporated into the amorphous silicon matrix varies 
across the sample, and thus, there is a variation in crystalline volume fraction (Xc) across the 
sample.  This allows us to study how the optical properties of the material change with different 
Xc using a single sample.  In this chapter, the absorption of the co-deposited nc-Si:H as a 
function of Xc is measured using PDS.    
5.1  Synthesis of Co-deposited nc-Si:H  
The co-deposited nc-Si:H studied in this section was grown using the dual zone reactor 
discussed in Chapter 2.  110 sccm of 0.45% of SiH4:Ar was flowed into the Si-NP reactor and 20 
sccm of pure SiH4 was flowed into the CCP PECVD reactor. The RF power of 80W was 
supplied to the nanoparticle reactor electrodes and 1.5W was used for the electrode inside the 
CCP PECVD chamber. The pressures of  3.7 Torr and 500 mT were maintained inside the Si-NP 
reactor and CCP PECVD reactor respectively.  The temperature of the substrate was held at 
200 ̊C during the growth.  I mentioned in Chapter 3 that when the sample is thin (i.e. less than 
1µm), surface effects can virtually enhanced the absorption in the low energy region. And thus, a 




5.2  Determining Crystalline Volume Fraction using Raman Spectroscopy  
In Figure 5.1(a), a schematic diagram of how Xc changes with position across a co-
deposited nc-Si:H sample is shown, and Figure 5.1(b) shows the Raman spectra scanned for 
these regions of the sample.  It should be noted here that for the rest of this thesis, the terms 
center, transition or edge will be used to identify each of the region in the sample.  Center refers 
to the region where we expect highest density of nanocrystals in the material.  For this region, Xc 
value obtained from Raman spectrum for our sample was ~14.5%.  Transition region is the 
region where there is medium density of nanocrystals and Xc was found to be 7.5%.  Edge of the 
sample is defined where there is least amount of nanocrystals and Xc estimated from Raman was 
0%. In Figure 5.1(b), it can be clearly seen the TO peak associated with crystalline phase 
becomes more pronounced with increasing Xc. As described in Chapter 2, these Xc values are 
underestimated and the actual Xc is expected to be much higher.  In Chapter 2, I discussed on 
how Xc can also be estimated from comparison of growth rates between a-Si:H and different 
regions of the sample.  If we would use this approach here to obtain an approximate of Xc for our 
sample, we found that Xc at the edge was ~20%, transition was ~40% and center was ~50%.  
Hence this indicates that, for all the regions of our sample, the density of Si-NPs is much higher 
than what Raman had predicted. This is an important point to note because from Raman, the 
edge region has Xc of 0% which would mean that there are no nanocrystals, however, Xc 
estimated from growth rate was found to be 20% and this indicates that there are nanocrystals in 
the edge of the sample.  Thus, the fact that there is a low density of nanocrystals present in the 






Figure 5.1 (a) Schematic of how Xc varies across the sample (b) Raman spectra for  
regions with different Xc - 0% (grey), 7.5% (green), and 14.5% (red)  
[Raman spectra courtesy of Tianyuan Guan] 
 
5.3  Absorption Spectra of Co-deposited nc-Si:H with Different Xc  
Absorption spectra of nc-Si:H with different Xc obtained using PDS are shown in Figure 
5.2. The data is plotted with a-Si:H grown without co-deposited Si nanoparticles as discussed in 
Chapter 3 while the bulk c-Si data is from the literature[38].  For the edge region, the spectral 
dependence of the absorption is in good agreement with pure a-Si:H. This is to be expected since 
there is only a low level of Si-NPs present in this region and thus, it does not have a significant 
impact on the absorption curve.  The bandgap of the material extracted using the Tauc plot for 
this edge region was found to be ~1.6 eV (see Figure 5.3 (a)) and the Urbach energy (Eu) 
obtained from the slope of the ln(α) vs energy plot was ~70 meV. This bandgap is the same as a 
pure a-Si:H sample calculated in Chapter 3, which was found to be ~1.6 eV. The Eu value is a bit 
higher than the one calculated for a-Si:H which is ~60 meV, which could suggest that the a-Si:H 
has more structural defects when it is grown together with the Si-NPs.  It could also be an 





indication of a small contribution relating to the surfaces of the Si-NPs.  This contribution is 
discussed next.  
 








Figure 5.2 Optical absorption spectra of (a) nc-Si:H with different Xc and (b) conventional nc-
Si:H (red) plotted with absorption of a-Si:H (blue) and bulk c-Si (black squares) as a reference 
[Reprinted with permission from K. G. Kiriluk, J. D. Fields, B. J. Simonds, Y. P. Pai, P. L. 
Miller, T. Su, B. Yan, J. Yang, S. Guha, a. Madan, S. E. Shaheen, P. C. Taylor, and R. T. 
Collins, “Highly efficient charge transfer in nanocrystalline Si:H solar cells,” Appl. Phys. Lett., 
vol. 102, no. 2013, p. 133101, Apr. 2013. Copyright 2013, AIP Publishing LLC]. 
 
In the center and transition regions, where Xc values are higher, the absorption of nc-Si:H 
is similar to a typical absorption trend seen in the conventional nc-Si:H as shown in Figure 
5.2(b).  For the energies above the bandgap of a-Si:H (1.6 eV), absorption of nc-Si:H falls 
between those of a-Si:H and c-Si.  The reduction compared to a-Si:H occurs because the sample 
is a mixture of about 50% a-Si:H and 50% Si-NPs as indicated by the thickness measurements, 
and the absorption from the a-Si phase is significantly larger than c-Si in this energy range.  The 
a-Si:H also affects the shape in this region.  In the energy regime that is greater than the bandgap 
of c-Si (1.1 eV) but lower than that of a-Si:H (1.6 eV), the absorption from the center and 





















magnitude higher than that of the edge.  This extra absorption is not observed in the edge region 
because of the low amount of Si-NPs present in the material.  This shows that the excess 
absorption is due to a significant amount of Si-NPs incorporated in the material and suggests that 
this excitation of carriers is due to the crystalline phase of the material.  This feature is also 
observed in conventional nc-Si:H as shown in Figure 5.2 (b).  Kiriluk et al. reported that in 
conventional nc-Si:H, the extra absorption seen in this energy range is due to the optical 
transitions in the nanocrystalline phase or in the surface states of the nanocrystals[15].   
Figure 5.3 Bandgap extraction from indirect gap plot (a) at high energy regime and (b) at low 
energy regime. The error bar in bandgap is found by fitting the linear regime with different 
slopes and intercepts and it represents a range of bandgaps that provide a reasonable fit to the 
experimental data. 
 
In addition, two different bandgaps, ~1.5 eV and ~0.9 eV, can be extracted using a 
(αhυ)1/2 vs. hυ plot which again indicates that there may be absorption from two different phases 
of the material (See Figure 5.3 (a) and (b)).  The first bandgap is lower but is close to that of a-
Si:H, which indicates that this absorption is from the a-Si phase.  The second bandgap, ~0.9 eV, 
is obtained by fitting the linear regime between 0.8 eV to ~1.5 eV as shown in Figure 5.3(b).  
This 0.9 eV bandgap is an interesting feature because it can be extracted only from the center and 
transition absorption curves and is not seen in the edge region.  This shows that the second 
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bandgap is related to an increased amount of Si-NPs in the material.  It is important to note that 
although the second bandgap is related to an increase in Si-NPs, and the size of Si-NPs are 
expected to be in the quantum confined regime, the bandgap is still lower than bulk c-Si. 
 
Figure 5.4 Bandgap extraction of the center and transition region from an indirect gap plot using 
c-Si absorption spectra as a reference. The error bar in bandgap is found by fitting the linear 
regime with different slopes and intercepts and it represents a range of bandgaps that provide a 
reasonable fit to the experimental data. 
 
To analyze this further, an indirect gap plot of bulk c-Si is plotted against those from the 
center and transition region (Figure 5.4).  In order to have a more precise comparison between 
the absorption from nanocrystals and bulk c-Si, the absorption of a-Si:H was first subtracted off 
from the center and transition spectra before they were plotted as (αhυ)1/2 vs hυ.  Here, it was 
assumed that absorption from amorphous phase in nc-Si:H was comparable to that of pure a-
Si:H. Therefore, a pure a-Si:H spectrum was subtracted from the nc-Si:H spectrum to eliminate 
any amorphous component.  Nc-Si:H absorption curves follow a similar trend to bulk c-Si curves 
for energies above 1.2 eV, but both deviate from c-Si for energies below 1.2 eV.  The center has 
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the same absorption as bulk c-Si and the transition region has a slightly lower absorption.  A 
linear line was fitted between 1.2 eV and 1.7 eV, where the absorption of nc-Si:H from the center 
overlapped with that of c-Si, and a bandgap of ~1.2 eV was extracted for the center region.  A 
similar fit was applied to the absorption spectra of the transition region and a bandgap of ~1.1 eV 
was obtained.  Note that both of these bandgaps are close to that of bulk c-Si.  One possible 
explanation is that the incorporated Si-NPs are not quantum confined.  However, PL spectra of 
the free standing Si-NPs deposited using similar growth conditions shows a PL peak at ~1.25 eV 
(Figure 5.5), which indicates that these Si-NPs are quantum confined.   
 
Figure 5.5 PL spectra of free standing Si-NPs [PL spectra courtesy of Grant Klafehn] 
 
Another explanation is that a bandgap close to ~1.1 eV is possible if there is optical 
transition from Si-NPs to a-Si:H matrix.  Lusk et al. have reported that the nature of quantum 
confinement changes when nanocrystals are embedded within an amorphous matrix as the matrix 
modifies the gap between the valence band and the conduction band edges[19].  It is found that 
the confinement barrier decreases from 1.37 to 0.68 when Si-NPs are placed inside a matrix. This 
is because for Si-NPs greater than 2 nm in diameter, higher energy valence states appear in the 
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highest occupied molecular orbital (HOMO) of the nanocrystals which are higher energy than 
that of the a-Si:H matrix’s HOMO.  The effective bandgap of the material would then be defined 
by the gap between the high energy valence states of the HOMO of the nanocrystals and lowest 
unoccupied molecular orbital (LUMO) of the a-Si:H and thus, the bandgap of the material is 
lowered.  In addition, occupancy of these high energy valence states has nanocrystal size 
dependence; the larger the nanocrystal, the higher the nanocrystal HOMO orbitals while the 
LUMO of a-Si:H stays almost constant.  Therefore, the effective gap of the material decreases 
with increasing Si-NPs size.   
 
Figure 5.6 Bandgap as a function of nanocrystal size [Image courtesy of Dr. Mark Lusk with data 
referenced from Luo et al.[66], Fernandez et al.[62], Wolkin et al.[67]] 
 
The effective bandgap of our nc-Si:H can be calculated by using the approach as 
discussed by Lusk et al. [19] if the size of the nanocrystals is known.  As mentioned earlier, PL 
of the free standing Si-NPs shows a peak at ~1.25 eV. The study from Chapter 4 shows that there 
is a difference of ~300 meV between the PL peak and the absorption edge for these free standing 
Si-NPs.  Hence, the bandgap for our Si-NPs could range between ~1.25 eV to ~1.60 eV.  Figure 
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5.6 shows the theoretical bandgap values [66], [67] and experimental PL peak values [62] as a 
function of Si-NP size. Using this plot, the size of a nanocrystal can be estimated from a given 
bandgap/PL peak energy.  It was found that the size of our nanocrystals range from 4 nm to 8 nm 
in diameter for the bandgap between ~1.25 eV to ~1.60 eV.  For Si-NPs greater than 2 nm in 
diameter, the energy levels of the valence band edge (EVB) and conduction band edge (ECB) of 
the nc-Si:H with respect to the size of the nanocrystals can be found by using the expressions 
below [19]: 








where d is the diameter of the nanocrystal in nm.  Note here that the difference between the EVB 
and ECB will not give the effective bandgap. A correction factor is required to obtain the effective 
bandgap.  This is to ensure that the asymptotic gap value will be equal to that of bulk c-Si.  To 
find this, a constant factor was calculated as d goes to infinity. The second term in the two 
equations above will become close to zero as d tends to infinity and thus, we will be left with the 
remaining constants, 0.130 and 0.036. ECB - EVB will then give us a value of -0.094. This value 
has to be subtracted and the actual bulk c-Si value has to be added to (ECB – EVB) expression to 
ensure that the asymptotic gap value will be equal to that of bulk c-Si. Thus, our final equation 
becomes 





− −0.094 + 1.12 (5.3) 
Using this approach the effective bandgap of our nc-Si:H ranges between 1.19 eV to 1.23 eV.  
For the center region, the bandgap can be fitted within a reasonable range of ~1.1 eV to ~1.2 eV.  
The bandgap that can be extracted from indirect gap plot of the transition region ranges from 
~1.05 eV to ~1.15 eV.  Thus, it is possible that the bandgap, close to that of bulk c-Si seen in 
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absorption spectra, could be due to optical transitions from the HOMO of the nanocrystals to the 
LUMO of the a-Si:H matrix given the error range in fitting the linear region.  The error bar in 
bandgap is found by fitting the linear regime with different slopes and intercepts and it represents 
a range of bandgaps that provide a reasonable fit to the experimental data.  In addition, this 
optical transition between the Si-NPs and a-Si matrix would indicate that there is coupling 
between the two phases, an important feature that is necessary for transport in a device.  
Another interesting feature of these absorption curves is that the center region has the 
same absorption as bulk c-Si even though the Xc estimated from the thickness measurement is 
only 50%.  Effective medium effect[68] is a possible explanation for this enhanced absorption, 
however, our sample consists of only a-Si:H and c-Si and the indices for both are similar. 
Therefore, there should not be significant effective medium effects.  Absorption from defects or 
absorption between Si-NPs to a-Si:H alone is also hard to justify this enhancement in absorption. 
A further analysis is required to understand this effect.  
One last point to note from Figure 5.5 is the excess absorption seen in both the center and 
transition spectra for energies below 1.2 eV.  As mentioned in Chapter 3, absorption in this 
regime is due to defects and surface states that exist within the material.  Kiriluk et al. inferred 
that there are surface states related to the Si-NPs[15]. Chapter 4 explains the energy difference 
between the PL and the absorption edge, which indicates that there are defects related to Si-NPs. 
Thus, it is possible that the excess absorption seen below 1.2 eV is from defects relating to Si-
NPs or Si-NP/a-Si interface and additional study is needed to understand the nature of these 






GENERAL CONCLUSION AND FUTURE WORK 
In this thesis, I have presented the optical absorption of non-SF6 treated and SF6 treated 
free standing Si-NPs, and a new form of nc-Si:H where quantum confined Si-NPs are 
incorporated into the a-Si matrix.    The first part of the thesis mainly focuses on studying the 
structural and optical properties of different sized Si-NPs.  Size control of the Si-NPs was 
achieved by directly incorporating SF6 into the precursor gas, and it is found that the diameter of 
Si-NPs reduced by almost a factor of two with increasing flow of SF6 gas.  PL shows a 
systematic blue shift with size.  The absorption edge of these Si-NPs was obtained using PDS, 
and the bandgap of the material was extracted by modeling the absorption curves using an 
indirect gap function that was convoluted with a Gaussian broadening.  A similar blue shift in the 
bandgap is observed.   In addition, comparing the energy between emission and absorption 
shows a ~300 meV difference which indicates that PL emission is a defect related process.  This 
defect structure could play a role in excess absorption seen in co-deposited nc-Si:H incorporating 
Si-NPs produced in this manner.  
In the second part of the thesis, absorption spectra of nc-Si:H with different Xc are 
studied. This was accomplished by examining samples where the growth resulted in a variation 
in Xc across the sample. It is found that the region near the edge, which has the smallest 
concentration of Si-NPs, has a spectral dependence of absorption and a bandgap similar to pure 
a-Si:H but has a slightly higher Eu value, indicating that a-Si grown together with Si-NPs is more 
defective.   For the regions with higher crystallinity, center and transition, the absorption curves 
of nc-Si:H are similar to that of conventional nc-Si:H.   A bandgap of 1.5 eV, which is close to 
the a-Si:H bandgap of 1.6 eV, is extracted from the higher energy region of the absorption curve.  
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This is undoubtedly associated with absorption in the amorphous phase of the materials.  In 
addition, there is excess absorption relative to pure a-Si:H at energies below the bandgap of a-
Si:H.  A second bandgap, near 0.9 eV, can be extracted from this region.  This clearly arises 
from the presence of the crystalline phase.  The observation of this excess absorption and its 
nature is one of the more interesting outcomes of this thesis.  A straightforward indirect bandgap 
fit to the absorption gives a bandgap near 0.9 eV, below that of c-Si.  On the other hand, a plot of 
the c-Si absorption on top of the co-deposited nc-Si:H matches the curve very closely for 
energies above the Si bandgap but shows excess absorption below the Si bandgap.  A bandgap of 
~1.2 eV can be extracted if a linear line is fitted in the region where nc-Si:H absorption curve 
overlaps with c-Si.  Either view indicated the nc-Si:H has a form of excess absorption near and 
below the Si bandgap energy.  The nature of this absorption is interesting and potentially 
important.  The simplest explanation is that it arises from defects introduced into the system by 
the inclusion of Si-NPs.  As noted above, the shift between the absorption threshold and PL 
emission energy of free standing nanoparticles suggests the presence of defects.  These are 
presumably at the surface of the Si-NPs.  The presence of defects which have been associated 
with the Si-NP surface has been inferred from the optical properties of conventional nc-Si:H 
[15].  A more intriguing explanation is that the excess absorption is associated with optical 
transitions originating in one phase of the material and ending up in the other phase.  For 
example, theoretical studies suggest the valence band (or HOMO) of Si-NPs in an a-Si:H matrix 
lies in the Si-NP.  The LUMO, however, may be located in the a-Si:H at the surface of the Si-NP 
[19].  This is not what we would call a defect state but rather a localized state created by the 
effect of the Si-NP on the a-Si:H bonding at the NP surface.  Such transitions would also give 
rise to excess absorption which, depending upon the localization and confinement energy, could 
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give a bandgap lower than the Si bandgap.  A quantitative calculation on the effective bandgap 
between the HOMO of Si-NPs and LUMO of a-Si:H can be obtained by using the approach 
described by Lusk et al. [19], and it is found that for our material, the effective bandgap ranges 
between 1.19 eV to 1.23 eV.  This range of bandgap is close to the value obtained from one of 
the linear fits which is ~1.2 eV.  Given that there is an error bar in these linear fits, a bandgap 
close to ~1.2 eV is possible for our nc-Si:H sample, and thus, it is possible that there are optical 
transitions between the two phases of the material.  Further investigation is required to 
understand the nature of absorption in this region.  Whatever the source, it is clear that co-
deposited nc-Si:H can lead to optical absorption very similar to conventional nc-Si:H and with 
more flexibility to tune Si-NP size.    
A suggestion on future work is to perform Constant Photocurrent Method (CPM) [69] 
measurements to measure absorption that contributes to transport.   As mentioned in Chapter 2, 
PDS detects absorption due to transitions involving all states and thus, absorption measured by 
PDS also account for the defects states which trap carriers and do not contribute to current.  
CPM, on the other hand, measures the photocurrent and thus, it measures only the carriers that 
contribute to the charge transport.   Hence, CPM and PDS spectra can be used in combination to 
separate out the absorption contribution relating transport from the one related to defect states.  
 It would also be interesting to probe the defect density relating to nc-Si:H.  Electron 
Paramagnetic Resonance (EPR) can be used to determine the defect density and the nature of 
defects that exists in the nc-Si:H film and scanning different regions of samples with different Xc 
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